Abstract: Pd-catalyzed, site-selective mono-cross-coupling of substrates with two identical halo groups is a useful method for synthesizing substituted monohalogenated arenes. Such arenes constitute an important class of compounds, which are commonly identified as drug components and synthetic intermediates. Traditionally, these site-selective reactions have been realized in a "substrate-controlled" manner, which is based on the steric and electronic differences between the two carbon-halogen bonds of the substrate. Recently, an alternative strategy, "catalyst-controlled" site-selective cross-coupling, has emerged. In this strategy, the preferred reaction site of a dihaloarene can be switched, merely by changing the catalyst used. This type of selective reaction further expands the utility of Pd-catalyzed cross-coupling. In this review, we summarize the reported examples of catalyst-controlled site-selectivity switching in Pd-catalyzed cross-coupling of dihaloarenes.
Introduction
Pd-catalyzed cross-coupling of haloarenes (or pseudo-haloarenes, such as aryl triflates) with organometallic reagents constitutes one of the most important and practical reactions in transition metal-catalyzed carbon-carbon bond formations [1] [2] [3] . The cross-coupling is so reliable, that it has been applied to a wide variety of substrates. Among them, dihaloarenes have attracted considerable interest as important substrates, because mono-cross-coupling of dihaloarenes affords monohaloarenes.
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Monohaloarenes are not only versatile synthetic intermediates for the synthesis of multisubstituted arenes, but they are also themselves important structural motifs in valuable compounds, including many pharmaceuticals. An important issue to be addressed in the mono-cross-coupling of dihaloarenes is the selectivity between the two halo groups. In general, the intrinsic difference in the reactivity of the halo groups (i.e., I > Br > Cl > F) can be utilized to realize chemoselective cross-coupling at the desired position [4] [5] [6] [7] . Interesting examples of chemoselectivity controlled by the catalysts used have been also reported [8] [9] [10] . There are also examples of chemoselectivity between two nucleophilic groups [11] . In comparison with the chemoselective cross-coupling, it is difficult to achieve siteselective cross-coupling of substrates where both halo groups are the same. Nevertheless, because these substrates can generally be prepared in shorter steps than the compounds with two different halo groups, this type of site-selective cross-coupling can prove more useful for the synthesis of multisubstituted arenes [12] [13] [14] [15] . Therefore, it is highly desirable to develop efficient site-selective cross-coupling of dihaloarenes.
The majority of examples for the site-selective cross-coupling of dihaloarenes reported so far are based on the "substrate-controlled" strategy, which relies on the different reactivity of the two carbon-halogen bonds in the substrate. Generally, as expected, the reaction selectively occurs at the less sterically hindered halo group. These reactions are also governed by electronic effects. For dihalobenzenes, the reaction preferentially occurs at the carbon-halogen bond bearing the less electron-rich carbon [16] . For dihaloheteroarenes, detailed studies have been conducted [17] , and the site-selectivity has been found to be determined by factors, such as the strengths of the carbon-halogen bonds and the coefficients of the heterocycle π* (LUMO) [18, 19] .
Recently, an alternative "catalyst-controlled" strategy for site-selective cross-coupling has emerged. In this strategy, the reaction site of a dihaloarene can be controlled by the catalyst used, regardless of the intrinsic reactivity of the halo groups in the substrate. Furthermore, it is possible to switch the site-selectivity merely by changing the catalyst used; different products can be obtained selectively starting from a common dihaloarene (Scheme 1). This strategy allows for the rapid preparation of diverse multisubstituted arenes and greatly expands the synthetic utility of dihaloarenes. Scheme 1. Catalyst-controlled site-selectivity switching in cross-coupling of dihaloarenes. X = halogen; M = MgBr, B(OH) 2 , etc.
Pd catalysts have been used for the catalyst-controlled switching of site-selectivity. In many cases, the choice of appropriate catalyst ligands is the key to controlling site-selectivity. These ligands coordinate with palladium and affect which of the two carbon-halogen bonds is preferred in oxidative addition, the step generally considered to be the irreversible, selectivity-determining step in these cross-coupling reactions (Scheme 2), although reversible oxidative addition was also observed in some cases [20] . While the reasons for this selectivity during oxidative addition are, in most cases, unclear at this moment, we believe that summarizing the examples will help researchers to appreciate the wide applicability of this approach and develop new examples of this useful strategy. Thus, in this review, we summarize the examples of the catalyst-controlled site-selective cross-coupling in which selectivity switching was observed by changing the catalyst. The examples are categorized based on the substrates used. Scheme 2. General catalytic cycle of the Pd-catalyzed cross-coupling of dihaloarenes. L = ligand.
Dihalobenzenes

Phenol Derivatives
In 2007, we reported the first example of catalyst-controlled site-selective cross-coupling of dihalophenols [21] . When Kumada-Tamao-Corriu coupling [22, 23] of 2,4-dibromophenol (1) with an excess of Grignard reagent 2 was conducted in the presence of tris(dibenzylideneacetone)dipalladium (Pd 2 (dba) 3 ) and a hydroxyterphenylphosphine, Ph-HTP, which we developed [24, 25] , product 3 was selectively obtained in a good yield (Scheme 3). On the other hand, when the Ph-HTP ligand was replaced with 1,1'-bis(diphenylphosphino)ferrocene (DPPF), isomer 4 was selectively produced. Thus, the site-selectivity was well controlled by the ligand used. Furthermore, di-cross-coupling, in which both the bromo groups were substituted with 4-methoxyphenyl groups, occurred to a very small extent (giving the corresponding product in <5% yield) in spite of the presence of excess 2. Scheme 3. Site-selective cross-coupling of 2,4-dibromophenol with a Grignard reagent. DPPF, 1,1'-bis(diphenylphosphino)ferrocene; Ph-HTP, hydroxyterphenylphosphines.
The selective formation of 4 induced by the DPPF-based catalyst can be attributed to less steric hindrance for the oxidative addition at the position para to the hydroxy group. On the other hand, the highly selective formation of 3 induced by the Ph-HTP-based catalyst cannot be explained by steric effects. The hydroxy group of the substrate and the ligand were essential for the high yield and selectivity; both of the corresponding methoxy derivatives of Ph-HTP and the substrate did not show high selectivity. We assume the following mechanism for the site-selective cross-coupling at the ortho position (Scheme 4). Ph-HTP is deprotonated by Grignard reagent and, in the presence of palladium, presumably forms palladium/magnesium bimetallic species A. This species and the substrate, which also exists as a magnesium salt, are in equilibrium with magnesium bisphenoxide complex B. In this complex, the ortho bromo group is situated close to the palladium, and therefore, oxidative addition to the palladium preferentially occurs at the ortho position. Because the oxidative addition step is considered to be the selectivity-determining step, the ortho-selectivity is realized through this mechanism.
Scheme 4.
Mechanism to explain the ortho-selectivity in the site-selective cross-coupling using Ph-HTP. This site-selective cross-coupling was successfully applied to other substrates and Grignard reagents. Representative examples are shown in Scheme 5. Site-selectivity switching was also observed in the reaction of 2,5-dibromophenol (5). It is noteworthy that the Ph-HTP-induced reaction occurred at the sterically more hindered and electronically less reactive (i.e., more electron-rich) position. In the reaction of 1 with 2-thienylmagnesium bromide (8) , the use of Ph-HTP resulted in a very low yield of 9 for unknown reasons. Fortunately, the use of Cy-HTP, the analogous ligand with cyclohexyl groups on the phosphorus atom, improved the yield greatly.
Although the hydroxyterphenylphosphines described above showed high ortho-selectivity in the reactions of dibromophenols, the substrate scope of the catalytic system was narrow. To improve the ortho-selectivity, we searched for ligands that were more effective and found that the dihydroxyterphenylphosphines, Cy-DHTP and Ph-DHTP, greatly improved the substrate scope [26, 27] . For example, when Cy-HTP was used as the ligand, the reaction of 1,6-dibromo-2-naphthol (11) resulted in almost no selectivity (Scheme 6). On the other hand, when Cy-DHTP was used, exclusive selectivity for 12 over 13 was observed. The use of Ph-DHTP further improved the result, and 12 was obtained in a 92% yield. DPPF completely reversed the selectivity, and 13 was obtained in a high yield. This effectiveness of DHTP over HTP can be attributed to the increased chance for the magnesium phonoxide moiety to be situated close to the palladium.
Scheme
6.
Site-selective cross-coupling of 1,6-dibromo-2-naphthol. DHTP, dihydroxyterphenylphosphines.
The reaction rate at the position ortho to the hydroxy group is dramatically accelerated by the DHTP ligands [28, 29] . Therefore, the reaction can be conducted at lower temperatures to enhance functional group tolerance. As shown in Scheme 7, a Grignard reagent with a t-butoxycarbonyl group was prepared from 14 by a reported method at −40 °C [30] , and the cross-coupling was subsequently conducted at 15 °C. The ester group was tolerated under these conditions, and product 15 was obtained in a good yield. Scheme 7. Site-selective cross-coupling with a Grignard reagent with an ester functionality.
The high ortho-selectivity induced by Ph-DHTP was also demonstrated in the reaction of 4-bromo-2-chlorophenol (16) (Scheme 8). Intriguingly, the effect of Ph-DHTP took priority over the intrinsic reactivity order (Br > Cl) of the halo groups. Thus, product 3 was obtained in a good yield, whereas 17 was not observed. In the case of a simple phosphine, such as PCy 3 , the reaction occurred preferentially at the bromo group, as usual.
Scheme 8. Site-selective cross-coupling of 4-bromo-2-chlorophenol.
Aniline Derivatives
We applied the catalytic system for the dihalophenols described above to aniline derivatives (Table 1) [26, 27] . Dibromoanilines 18-20 and dibromoindole 21 were used as the substrates. As in the case of the phenol derivatives, Ph-DHTP induced excellent selectivity, and the cross-coupling occurred ortho to the NH functionality (Entries 1, 3, 5 and 7, Table 1 ). We speculated that the mechanism for the selective reaction was similar to the one proposed for dibromophenol (Scheme 4). Unfortunately, satisfactory para-selectivity was not obtained in this system; use of DPPF resulted in poor yields and little selectivity (Entries 2, 4, 6 and 8, Table 1 ), while the reason for the poor results is unclear.
Benzoic Acid Derivatives
Houpis and coworkers reported the site-selective Suzuki-Miyaura coupling [31] of 2,4-dibromobenzoic acid (22) with arylboronic acids (Scheme 9) [32] . When Pd 2 (dba) 3 was used under phosphine-free conditions, ortho-selective cross-coupling occurred, and product 24 was obtained with excellent selectivity. This selectivity was presumably a result of the coordination of the carboxylate anion to Pd, as such coordination situates the ortho bromo group close to the Pd. The choice of an appropriate base and solvent (LiOH and N-methylpyrrolidone (NMP)/H 2 O) was crucial for the high yield and selectivity. On the other hand, the use of bulky bidentate phosphines, such as bis[2-(diphenylphosphino)phenyl] ether (DPEPhos), reversed the selectivity, and isomer 25 was preferentially formed. The phosphine is assumed to disrupt the coordination of the carboxylate to Pd, thereby leading to the observed para-selectivity. Scheme 9. Site-selective Suzuki-Miyaura coupling of 2,4-dibromobenzoic acid.
Dihaloheteroarenes
Pyrone Derivatives
In 2003, Cho and coworkers reported the site-selective Migita-Kosugi-Stille coupling [33, 34] of 3,5-dibromo-2-pyrone (26) with tributylphenyltin (27) ( Table 2 ) [35] . When the reaction was conducted in toluene, the cross-coupling preferentially occurred at the C3 position to give 28, regardless of the amount of CuI used (Entries 1-3, Table 2 ). In DMF, however, the site-preference was affected by the number of equivalents of CuI; in the presence of 1.0 equiv of CuI, 29 was obtained with excellent selectivity (Entry 7, Table 2 ). Even when 0.5 equiv of CuI was used, the switch of the selectivity was observed (Entry 6, Table 2 ). Therefore, while the same catalyst (Pd(PPh 3 ) 4 ) was used, a different catalytic species may have been formed in the presence of CuI. To gain insight into the mechanism of this selectivity, the oxidative addition step was separately investigated by conducting the reaction without the tin compound. It was revealed that in toluene with or without CuI or in DMF without CuI, oxidative addition occurred exclusively at the C3 position. Conversely, in DMF with one equiv of CuI, oxidative addition at the C5 position was preferred. In addition, the palladium complex formed through the C5 oxidative addition was found to undergo a much faster reaction with tributylphenyltin than the complex formed through the C3 oxidative addition. Thus, not only the preferred position for oxidative addition, but also the subsequent faster reaction accounts for the C5-selective coupling. 
Pyridine Derivatives
In 2003, Yang and coworkers reported an example of site-selectivity switching in the Suzuki-Miyaura coupling of 2,6-dichloropyridine derivatives 30 with phenylboronic acid (31) ( Table 3 ) [36] . When Pd(PPh 3 ) 4 was used as the catalyst, 30 (R = OMe) was preferentially converted to 33, in which the phenyl group was introduced at the less hindered C6 position (Entry 1, Table 3 ). However, when PXPd2 [37] was used, compound 32 was the major product (Entry 2, Table 3 ), and methanol was found to be the best solvent. This preference for the C2 position, which is attributable to the coordination of the carbonyl oxygen to the catalytically active Pd(0) species, was further enhanced by replacing the ester of 30 with an amide group (Entry 3, Table 3 ). While the selectivity is not high and largely depends on the neighboring group, this early example demonstrated the possibility of site-selective cross-coupling of nitrogen-containing heterocycles. Dai, Chen and coworkers developed the ligand-dependent site-selective Suzuki-Miyaura coupling of 2,4-dichloropyridine (34) ( Table 4 ) [38] . For this substrate, the reaction at the C2 position was expected to be preferred according to the calculations of bond dissociation energies [19] . In fact, a DPPF-based catalyst exclusively gave 2-phenylated product 36 (Entry 1, Table 4 ). Interestingly, the use of 1,2,3,4,5-pentaphenyl-1'-(di-t-butylphosphino)ferrocene (Q-Phos) [39] as the ligand switched the site-selectivity (Entry 2, Table 4 ). Under the optimized conditions (KF as the base and toluene as the solvent), a 2.4:1 ratio of 35:36 was obtained. It is noteworthy that site-selectivity was achieved for these coupling reactions with 34, which is a substrate without a directing substituent. 
Pyridazine Derivatives
Dai, Chen and coworkers also reported the site-selectivity switching in the Suzuki-Miyaura coupling of dichloropyridazines [38] . The reaction of 3,5-dichloropyridazine (37) with phenylboronic acid in the presence of a DPPF-based catalyst predominantly occurred at the C3 position to give 39 (Scheme 10), coincident with the calculated bond dissociation energies. Selectivity switching was observed when Q-Phos was used instead of DPPF, and 38 was obtained with high site-selectivity. Various other substrates were successfully used for the site-selective reactions (Scheme 11), and the major products were isolated in a 53%-92% yield.
Scheme 10. Site-selective Suzuki-Miyaura coupling of 3,5-dichloropyridazine. Yields are not indicated.
Scheme 11.
Examples of site-selective Suzuki-Miyaura coupling of 3,5-dichloropyridazines.
Oxazole Derivatives
Strotman, Chobanian and coworkers developed the catalyst-controlled, site-selective Suzuki-Miyaura coupling of 2,4-diiodooxazole (47) with phenylboronic acid (Scheme 12) [40] . The use of highly electron-rich phosphines as ligands tended to afford C2-phenylated product 49. 1,3,5-Triaza-7-phosphaadamantane (50) was found to be exceptionally effective and afforded 49 with high site-selectivity. Xantphos, on the other hand, preferentially gave C4-phenylated product 48. Fluorophenylboronic acid (51) also reacted with high selectivity. A variety of boronic acids were successfully used for these catalytic systems.
Scheme 12.
Site-selective Suzuki-Miyaura coupling of 2,4-diiodooxazole.
Imidazole Derivatives
Strotman, Chobanian and coworkers also reported site-selectivity switching in the Suzuki-Miyaura coupling of 2,5-dihalo-1-methylimidazoles [40] . A representative example is shown in Scheme 13. As in the case of the oxazole derivative, phosphine 50 preferentially afforded C2-arylated product 57. For C5-selective coupling, phosphine 58 was found to be effective. The same authors also revealed that 2,4-and 2,5-dibromothiazoles selectively reacted at the C2 position under xantphos-based catalysis.
Scheme 13. Site-selective Suzuki-Miyaura coupling of 2,5-dibromo-1-methylimidazole.
Conclusions
Palladium-catalyzed site-selective cross-coupling of dihaloarenes provides an efficient approach to the introduction of substituents at specific positions of benzene and heterocycle derivatives. The halo group remaining after the mono-cross-coupling can further be converted to other substituents. Although the examples are still limited at this stage and often depend on neighboring group effects, the easy availability of the starting materials and the versatility of the methodology will make it practical and useful for the rapid production of diverse arenes with multiple substituents. While the origin of the site-selectivity in many cases is presently unclear, further studies will uncover the mechanisms underlying the selective cross-coupling. We are happy to see the progress that has been made, as described in this review, and are anticipating more in the future of this exciting field.
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